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Abstract
CENP-C is a fundamental component of functional centromeres. The elucidation of its structure-function relationship with
centromeric DNA and other kinetochore proteins is critical to the understanding of centromere assembly. CENP-C carries
two regions, the central and the C-terminal domains, both of which are important for the ability of CENP-C to associate with
the centromeric DNA. However, while the central region is largely divergent in CENP-C homologues, the C-terminal moiety
contains two regions that are highly conserved from yeast to humans, named Mif2p homology domains (blocks II and III).
The activity of these two domains in human CENP-C is not well defined. In this study we performed a functional dissection
of C-terminal CENP-C region analyzing the role of single Mif2p homology domains through in vivo and in vitro assays. By
immunofluorescence and Chromatin immunoprecipitation assay (ChIP) we were able to elucidate the ability of the Mif2p
homology domain II to target centromere and contact alpha satellite DNA. We also investigate the interactions with other
conserved inner kinetochore proteins by means of coimmunoprecipitation and bimolecular fluorescence complementation
on cell nuclei. We found that the C-terminal region of CENP-C (Mif2p homology domain III) displays multiple activities
ranging from the ability to form higher order structures like homo-dimers and homo-oligomers, to mediate interaction with
CENP-A and histone H3. Overall, our findings support a model in which the Mif2p homology domains of CENP-C, by virtue of
their ability to establish multiple contacts with DNA and centromere proteins, play a critical role in the structuring of
kinethocore chromatin.
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Introduction
Proper chromosome segregation during cell divisions depends
on a specialized chromosomal site, the centromere. This nucleo-
proteinaceous element performs key functions in all eukaryotes
from yeast to human. The structural organization of the
centromere is generally multilayered and consists of a pairing
domain that maintains the cohesion between sister chromatids, a
central domain that contains specific centromeric DNA, and the
kinetochore, the DNA/protein complex which provides the
attachment site for spindle microtubules and regulates the
movement of chromosomes towards the spindle poles [1]. Failure
in any of these processes results in chromosome loss and gain
leading to the formation of aneuploid cells. In most organisms,
centromeres are constituted by large arrays of repeats known as
satellite sequences (alpha satellite in humans). These DNA
sequences direct the assembly of kinetochore proteins and are
strikingly divergent between even closely related species. On the
other hand, numerous kinetochore proteins have been identified in
both human and model organisms and found to be very conserved
during evolution [2–5]. Therefore, understanding how these
highly conserved proteins assemble onto divergent satellite DNA
to form functional centromeres remains one of the key problems in
chromosome biology. Mammalian centromeres contain mega
bases of repetitive satellite DNA. This is organized into specialized
chromatin consisting of nucleosomes in which histone H3 is
replaced by CENP-A, an H3-like variant. This protein is
composed of a variable N-terminal region and a conserved C-
terminal region carrying a histone-fold domain similar to that of
histone H3 [6]. Since CENP-A depletion reduces fidelity of
chromosome segregation and causes mislocalization of various
kinetochore proteins [7,8], it is believed that this protein may
hierarchically recruit other centromere and kinetochore compo-
nents to generate a high-order chromatin structure required for
the formation of the inner kinetochore surface (for recent reviews
see: [9,10]).
CENP-C is another essential kinetochore protein that localizes to
the inner kinetochore plate [11] and associates with the alpha
satellite DNA [12,13]. Like CENP-A, CENP-C is involved in the
assembly of kinetochores and in the correct segregation of sister
chromatids [11,14–17]. Moreover, this protein is a marker of
functional centromeres and is present in conventional centromeres,
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chromosomes [1,18–22]. CENP-C contains two distinct domains,
one in the central region and another in the C-terminal region; both
can target the centromere and bind alpha satellite DNA in vivo [13].
Notably, comparative analysis of the CENP-C homologues isolated
from other species shows that the central and C-terminal region of
the human CENP-C display different degrees of conservation [23].
Particularly, while the central domain is poorly conserved, the C-
terminaldomaincontainstworegionsthatarehighlyconservedfrom
yeast to mammals, suggesting that such regions might be preserved
during evolution to exert critical centromere functions (Figure 1)
[23]. Based on their degree of conservation with the yeast Mif2
protein, the two regions have been named Mif2p homology domain
II and III [24]. The Mif2p homology domain II (aa 737/759 of
human CENP-C), also called CENP-C motif [23], is present in all
CENP-C homologues, though its specific function has not been
defined. The Mif2p homology domain III (aa 890/943 of human
CENP-C) appears to be required, at least in vitro, for CENP-C
dimerization [25] and shares significant similarity with a protein
motif that appears to be responsible for the oligo-multimerization of
Cupin proteins [26]. Despite these findings, the specific contribution
of the Mif2p homology domains of CENP-C to the assembly and
function of centromeres is still unclear. In this study, by means of a
multidisciplinary approach we show that these domains display
multiple functions ranging from the ability to associate with
centromeric DNA, to form higher order structures like homo-dimers
and homo-oligomers, and to mediate interaction with CENP-A and
histone H3.
Results
The Mif2p homology domain II of CENP-C targets
centromeres and binds the alpha satellite DNA in vivo
We have previously shown that CENP-C contains two domains,
the central and the C-terminal domain, that can independently
target the human centromere and associate with the centromeric
DNA. In vitro studies have shown that the C-terminal domain also
contains a dimerization region that can induce formation of higher
order structure of CENP-C [25]. To establish which portion of the
C-terminal domain carries the DNA binding and dimerization
activities, three constructs expressing HA-tagged derivatives of the
human CENP-C regions, 638/943 (Mif2p II+III domains), 638/
819 (Mif2p homology domain II) and 760–943 (Mif2p homology
domain III) respectively (Figure 2), were generated and used in
four different assays.
First, we tested the ability of the different truncated proteins to
localize at centromeres. The mutated proteins were expressed in
HEK-293 cells and analyzed for centromere localization by an
immunofluorescence assay. As centromeric markers, we used
endogenous CENP-B signals, since it is well-known that this
Figure 1. Sequence similarity among Mif2p homology domains of CENP-C orthologs. Amino acid sequences of human CENP-C Mif2p
homology domains II and III, contained in the HA::638/819 and HA::760/943 constructs respectively, are compared to those of orthologous CENP-C
proteins. Mif2p homology domains II and III are indicated in light grey and dark grey, respectively. Percent conservation is represented as follows:
100% conservation (red), 90% conservation (blue), 80% conservation (cyan); 70% conservation or less (white). Multiple sequence alignments of the
CENP-C protein families were built with ClustalW, Multialin version 5.4.1 and T-Coffee and edited by hand [64–66]. Accession Numbers: Human CENP-
C (GenBank M95724); Chimpanzee CENP-C (GenBank XM517266-7); Dog CENP-C (GenBank XM532388); Cow CENP-C (GenBank XM598358); Mouse
CENP-C (GenBank U03113); Rat CENP-C (GenBank AAU04621.1); Chicken CENP-C (GenBank BAA24110.1); Sheep CENP-C (GenBank AAA79099.1); A.
thaliana CENP-C (GenBank AAU04629.1); S. cerevisiae Mif2p (GenBank NP012834.1).
doi:10.1371/journal.pone.0005832.g001
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PLoS ONE | www.plosone.org 2 June 2009 | Volume 4 | Issue 6 | e5832Figure 2. Both Mif2p homology domains II and III target centromeres. (A) The indicated chimeric HA::CENP-C proteins were expressed in
human HEK-293T cells and revealed by an anti-HA monoclonal antibody (red signal), while endogenous CENP-B was detected with an anti-CENP-B
polyclonal antibody (green signal). Co-localization of the HA::CENP-C proteins and CENP-B is shown in yellow in the merged image. In the diagram,
bars describe the different CENP-C truncated proteins as compared to the wt protein; Mif2p homology domain II (light grey), Mif2p homology
CENP-C Domain Functions
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meric heterochromatin beneath the kinetochore [27,28]. As
positive controls, we used the HA::23/943 and HA::638/943
polypeptides that we previously showed to efficiently colocalize
with the centromeric protein CENP-B in transfected nuclei [13].
HEK-293 cells were seeded on coverslips, separately transfected
with the specific constructs and after 24 hours fixed and
immunolabelled with anti-HA antibodies to detect the localization
of the expressed proteins. Centromeres were marked with anti-
CENP-B polyclonal antibodies. Figure 2A shows an example of
the typical co-localization of HA proteins with the CENP-B
marker. Efficiency of centromere targeting was determined as
percentage of nuclei in which mutant proteins and CENP-B were
observed to colocalize (Figure 2B). Results show that HA::638/819
and HA::760–943 were almost equally efficient in targeting
centromeres, although they were both less efficient than a
construct corresponding to the entire C-terminal domain.
Second, to understand which part of the C-terminal region is
involved in centromere DNA recognition, the three HA-constructs
were used in a Chromatin immunoprecipitation assay. We
performed a formaldehyde crosslinking technique (ChIP) that
was previously employed to demonstrate direct interaction of
endogenous CENP-C to the alpha-satellite DNA [12]. Immuno-
precipitated DNA was purified and transferred onto a nylon filter
along with a scale of the input DNA. The filter was hybridized
with a
32P-labelled alpha satellite specific probe. Hybridization
signals above that of the control (pcDNA3.1HA) were interpreted
as a significant enrichment of alpha satellite DNA. Signals
generated by the alpha satellite probe were quantified by
densitometric analysis and normalized to those obtained with an
Alu sequence as previously described [13]. As shown in Figure 3,
results indicate that HA::638/943 and HA::638/819 proteins can
associate with alpha satellite DNA, although less efficiently than
the full length CENP-C protein. On the contrary, the HA::760/
943 protein cannot associate with the alpha satellite DNA with the
same strength. These results suggest that the region between aa
638 and 759, containing the Mif2p homology domain II, is
required for the ability of the C-terminal domain to bind the alpha
satellite DNA.
The Mif2p homology domain III can induce CENP-C
dimerization/oligomerization
Then we investigated the function of the Mif2p homology
domain III located within the 760/943 region. One possibility is
that this domain may be required to sustain CENP-C dimerization
as inferred by previous studies [25]. To address this point,
truncated CENP-C proteins labelled with HA- or FLAG-tag, as
described in the scheme in Figure 4, were co-transfected in HEK-
293 cells. Cells were lysed, nuclear extracts were prepared and
subjected to immunoprecipitation with anti-HA antibodies. IP-
protein complexes were analyzed by Western blotting using anti-
FLAG antibodies. Detection of FLAG-tagged proteins in the IP-
anti-HA sample lane indicates that the HA- and FLAG-labelled
proteins can interact possibly by forming dimers or oligomers.
Figure 4 shows that the FLAG::638/943 and FLAG::760/943
CENP-C polypeptides were efficiently co-immunoprecipitated
domain III (dark grey), central DNA binding domain (dotted box), HA-tag (black box). Localization of proteins within the nuclei has been determined
by epifluorescent microscopy. (B) Centromere localization of HA::CENP-C fusion proteins in interphase nuclei. For each mutant at lest 100 transfected
cells were scored for colocalization of HA and CENP-B signals.
doi:10.1371/journal.pone.0005832.g002
Figure 3. The Mif2p homology domain II of CENP-C binds the alpha satellite DNA in vivo. HA::CENP-C constructs were independently
transfected into HEK-293T cells and their binding to alpha satellite DNA was analyzed by ChIP assay. Chromatin was immunoprecipitated by using
anti-HA (IP anti-HA) or anti-CENP-C antibodies (IP anti-CENP-C). Immunoprecipitated DNAs along with total DNA were hybridized with alpha-satellite
or Alu DNA probes. The relative enrichment of alpha-satellite DNA (left panel) was normalized to that of Alu sequences (right panel) and compared to
that obtained from cells transfected with the empty vector, pcDNA3.1HA (IP background). Values are the mean6s.e.m. of at least three
experiments.***P,0,01; **P,0,1.
doi:10.1371/journal.pone.0005832.g003
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the FLAG::638/819 polypeptide along with the negative control
(FLAG::23/410) could not be co-immunoprecipitated
(Figures 4A,C). This finding suggests that the last 120 aa of the
CENP-C terminal end are critical for CENP-C self-association. To
further investigate the nature of the association, HA-proteins were
overexpressed in HEK-293 cells, purified through an anti-HA
affinity column and eluted with an HA peptide used as a
competitor. Eluted proteins were tested for oligomerization in vitro
by using glutaraldehyde as a cross-linking agent in order to
stabilize possible CENP-C oligomers. Next, cross-linked proteins
were denatured in Laemmli sample buffer and separated by SDS-
PAGE. CENP-C dimers/oligomers were detected by western blot
using anti-HA polyclonal antibodies. The N-terminal end moiety
of CENP-C (construct 23/410) and the central domain (construct
192/537) were also tested and used as negative controls. Results
show that the HA::638/943 and HA::760/943 proteins can
specifically form dimers, (as indicated by arrows in Figure 5) and
higher molecular weight oligomers (see asterisks in Figure 5). In
contrast the HA::638/819 protein as well as N-terminal (HA::23/
410) and central (HA::192/534) CENP-C domains cannot form
dimers/oligomers. Our data indicate that the region 820–943
containing the Mif2p homology domain III is required for CENP-
C dimerization/oligomerization.
Taken together our findings reveal that the C-terminal end of
CENP-C displays multiple functions including the ability to
associate with the alpha satellite DNA and form higher order
complexes.
CENP-C interacts with CENP-A and histone H3
Several lines of evidence have suggested that CENP-C may
interact with CENP-A. Specifically this point has been well
highlighted by several papers in recent years [5,29–31]. Based on
these previous studies we decided to determine whether CENP-A
directly interacts with CENP-C and particularly which protein
domains are required for such interaction.
To address this issue we looked for the formation of CENP-C/
CENP-A complexes by a co-immunoprecipitation assay. A
construct expressing an HA::CENP-A protein was transfected
into HEK-293 cells and nuclear extracts were prepared and
subjected to immunoprecipitation with anti-HA antibodies. IP-
protein complexes were analyzed by Western blotting using
Figure 4. The Mif2p homology domain III of CENP-C possesses a self-associating activity in vivo. Cells HEK-293T were transiently
transfected with the entire C-terminal region of CENP-C (HA::638/943) and FLAG::CENP-C constructs as indicated in the diagrams (A, FLAG::23/410; B,
FLAG::638/943; C, FLAG::638/819 and D, FLAG::760/943). After 24 hours of expression, nuclear extracts were performed and proteins were
immunoprecipitated through an anti-HA affinity matrix. Interactions between CENP-C domains are revealed by the presence of FLAG-tagged proteins
in the IP anti-HA sample. The diagram in each panel illustrates the HA and FLAG CENP-C derivatives as compared to the full length protein: Mif2p
homology domain II (light grey), Mif2p homology domain III (dark grey), central DNA binding domain (dotted box), HA-tag (black box), FLAG-tag
(white box).
doi:10.1371/journal.pone.0005832.g004
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CENP-A can co-immunoprecipitate with endogenous CENP-C
protein, suggesting that CENP-A and CENP-C can interact. Next,
we determined which portion of CENP-C is required for this
interaction. To do this, HEK-293 cells were transfected with the
HA::CENP-A expression plasmid along with FLAG::CENP-C
constructs expressing different portions of the protein (Figure 6B).
Again the HA::CENP-A was immunoprecipitated and the IP
complexes were analyzed by Western blotting with an anti-FLAG
antibody. Results show that the C-terminal domain (aa 638–943)
can be efficiently co-immunoprecipitated with CENP-A. Consis-
tent results were obtained when the reciprocal experiment was
performed. HA::CENP-C and FLAG::CENP-A constructs were
cotransfected into HEK-293 cells, immunoprecipitated with an
anti-HA antibody and FLAG-tagged proteins were detected
(Figure 6C). Collectively these findings support the view that the
C-terminal domain of CENP-C is required to contact CENP-A
possibly at centromeres.
Considering the high level of homology between CENP-A and
histone H3, we extended our analysis to evaluate the ability of
CENP-C to interact with the histone protein H3 and with the
transcription factor c-Myc, used as a negative control. FLAG-
tagged proteins were co-expressed with the HA-CENP-C domains
and the interaction was determined by co-immunoprecipitation
assay. The results of the experiments, shown in Figure 6C, indicate
that the C-terminal CENP-C domain interacts with histone H3, in
addition to CENP-A, while the transcription factor c-Myc was not
immunoprecipitated by CENP-C protein fragments. To further
investigate which portion of the C-terminal region of CENP-C can
mediate the interaction observed with CENP-A and histone H3,
we performed a co-immunoprecipitation assay using FLAG tagged
histones co-expressed along with the HA-CENP-C constructs
obtained from the partitioning of C-terminal region (Figure 7). IP
complexes were analyzed by Western blotting with an anti-FLAG
antibody. Our results show that the Mif2p homology domain III
contained in the HA::760/943 CENP-C construct is the only one
able to interact both with CENP-A and H3.
Interaction between CENP-C and CENP-A takes place at
centromeres
Since we could not exclude that some results of the CoIP
experiments may be influenced by the presence of long
centromeric chromatin in the nuclear extract, we decided to
assess in vivo if the interaction between CENP-A and CENP-C
takes place at human centromeres. To this purpose we adopted the
Bimolecular Fluorescence Complementation (BiFC) assay. The
technique is based on the observation that a fluorescent protein (in
this work Enhanced-GFP) can be splitted in two fragments no
longer able to emit a bright fluorescence. If the two fragments,
fused to proteins that physically interact, are brought in close
proximity they can functionally complement and emit bright
fluorescence [32–36]. Moreover BiFC let to highlight where the
protein-protein interaction takes place within the cell. Notably this
approach has been successfully used to show protein-protein
interaction involving histone-like proteins [37,38]. To this purpose
plasmids have been created to express: i) the HA::CENP-C
protein fused at the HA epitope with the GFP N-terminal half
(N-GFP::HA::CENPC) or with the C-terminal half (C-GFP::HA::
CENPC), and ii) the HA::CENP-A protein fused at the C-terminal
with the GFP C-terminal (HA::CENPA::C-GFP) or N-terminal
halves (HA::CENPA::N-GFP). The four expression plasmids have
let us to perform the BiFC assay by coexpressing two different
chimeric protein combinations: 1) N-GFP::HA::CENPC/HA::
CENPA::C-GFP and 2) C-GFP::HA::CENPC/HA::CENPA::
N-GFP. Since the two sets of experiments produced very similar
results we will describe in detail only the data obtained
coexpressing N-GFP::HA::CENPC and HA::CENPA::C-GFP
chimeric derivatives. HEK-293 cells where transiently transfected
to express the two chimeric proteins either together or individually
as negative controls. After 24 hours cells have been immunola-
belled with a mouse-monoclonal anti-HA antibody to monitor the
chimeric proteins subcellular localization and with polyclonal
antibodies raised in rabbit to visualize, in interphase cells, an
endogenously expressed centromeric protein used as centromere
marker (anti-CENP-B in double transfection experiment; anti-
CENP-A in N-GFP::HA::CENPC single transfection; anti-CENP-
C in HA::CENPA::C-GFP single transfection). To monitor the
green GFP emission due to fluorescence complementation, the
described primary antibodies were revealed with secondary
antibodies conjugated with the Cy5 and Cy3 fluorochromes
whose fluorescence emission is respectively in the far-red and red
wavelength range. As shown in figure 8 we could observe a
punctate pattern due to bright green fluorescence only in cells that
coexpress the CENP-C and the CENP-A derivatives (figure 8AI) but
not in cells that express either one or the other chimeric protein
(figure 8BI). This result indicates that fluorescence complementation
can arise only when both N-GFP::HA::CENPC and HA::CEN-
PA::C-GFP proteins are present in the same cell confirming our
previous results that support a CENP-C/CENP-A direct interaction
(Figures 6,7). Moreover we assessed that the two proteins interact at
centromeres observing that the GFP punctate pattern (Figures 8AI)
and the centromere marker position (Figures 8AII, 8AV) colocalize
as revealed by merged patterns (Figures 8AII): in detail 65,9% of the
green dots colocalize with the centromere marker (Figure 8G). To
checkifthe CENP-CMif2p homologydomain IIIisindeedrequired
for the CENP-C/CENP-A interaction at centromeres, we have built
a plasmid to express a N-GFP::HA::CENPC derivative that lacks aa
890/943 (N-GFP::HA::CENPCD890/943). Following the above
Figure 5. C-terminal domain of CENP-C can form dimers/
oligomers in vitro. HA CENP-C truncated proteins were expressed in
HEK-293T cells and immunopurified with anti-HA affinity matrix. Purified
proteins were recovered by elution with an HA peptide and crosslinked
(C) or not (NC) with glutaraldehyde to stabilize possible protein
aggregates. Formation of possible oligomers was determined by
western blot probed with an anti-HA antibody. Dimers are indicated
by arrows whereas trimers and tetramers are indicated by asterisks.
doi:10.1371/journal.pone.0005832.g005
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N-GFP::HA::CENPCD890/943 and HA::CENPA::C-GFP. As
shown in Figure 8DI we could observe only few green dots localizing
at centromere positions (Figure 8DI–II) indicating a lowered
efficiency level of the CENP-C/CENP-A interaction. In detail in
this experiment only 25,6% of the green signal correspond to
centromere positions (Figure 8G).
Discussion
In a previous study we have demonstrated that CENP-C
contains two regions, the central one and the C-terminal one, that
can both independently localize at the centromere and associate
with alpha-satellite DNA [13]. Here, we have extended our
previous results by further dissecting the C-terminal region of
CENP-C and defining specific functions for the highly conserved
Mif2p homology domains. Computational analysis of CENP-C
protein sequences from different species reveals that the C-
terminal Mif2p homology domains of CENP-C are strongly
conserved during evolution; indeed, this region displays more than
80% amino acid identity between human and mouse [23,24,39].
This observation suggests that these domains must have been
under negative selective pressure possibly to preserve an essential
role for centromere function from yeast to mammals. Until now
Figure 6. CENP-C can interact with CENP-A and histone H3 through its C-terminal domain. (A) HA::CENP-A coimmunoprecipitates the
endogenous CENP-C. HEK-293 cells were transfected with HA::CENP-A or with the HA empty vector (pcDNA3.1HA) and HA proteins were purified
from nuclear extracts with anti-HA affinity matrix. The presence of the endogenous CENP-C in the immunoprecipitated samples was determined by
western blot with an anti-CENP-C antibody (B) Overexpressed HA::CENP-A coimmunoprecipitates FLAG C-terminal CENP-C domain. (C)
Coimmunoprecipitation of overexpressed HA::CENP-C domains along with FLAG-tagged histone proteins and c-Myc protein. Only the construct
that contains the C-terminal CENP-C region is able to interact with both CENP-A and histone H3.
doi:10.1371/journal.pone.0005832.g006
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region have remained elusive. Our results show that the two
regions display multiple and complex functions. First, ChIP
experiments show that the Mif2p homology domain II is able to
associate with the alpha satellite DNA and assign a specific
function to this region. This result provides evidence for previous
speculations, which proposed that this region might correspond to
a putative DNA binding domain based on its specific amino acid
content [23] and by the observations that the C-terminal region of
CENP-C (aa 638–943) could weakly bind DNA in vitro [40].
These data are also consistent with previous observations showing
that mutations in the Mif2p homology domain II of yeast,
Drosophila and chicken can respectively, impair the proper
structuring of the centromere [24,41], abolish centromere
localization [42], and induce metaphase delay and chromosome
mis-segregation [43]. It should be mentioned that the CENP-C
motif, at least for the yeast protein, has been described as
containing acidic and proline-rich tracts typically found in the
mammalian HMGI(Y) proteins [44,45]. HMGI(Y) factors are
chromatin structural components characterized by the ability to
bind DNA without sequence specificity, probably recognizing
particular DNA structures, as four-way (Holliday) junction [46].
This could be the case also for the Mif2p homology domain II
considering that CENP-C, as well as CENP-A and PARP, was
found to associate with active neocentromeres that apparently do
not contain repetitive sequences, typical of conventional centro-
meres, suggesting that their localization to centromere may occur
through epigenetic mechanisms [20,47–49].
Second, our results indicate that the Mif2p homology domain
III, corresponding to residues 890–943, is required for CENP-C
dimerization and/or oligomerization. This finding is consistent
with what has been proposed by Sugimoto and colleagues [25],
and extends this previous study by showing that the Mif2p
homology domain III is required to sustain dimer/oligomer
formation in vivo. Unlike Sugimoto, we were unable to find
evidences of oligomers formation with N-terminal or central
CENP-C domains. As previously proposed for the centromere
heterochromatin antigen CENP-B [50], the DNA binding and
self-associating activities of CENP-C could contribute to the
packaging of kinetochore DNA into centromere chromatin.
Notably, a very recently published paper supports our data
showing that in S.cerevisiae Mif2p protein the two domains
corresponding to human CENP-C Mif2p homology domains II
and III display DNA-binding activity and dimerization ability,
respectively, and both of them are required for an efficient yeast
growth [51].
Third, we show that the C-terminal region of CENP-C can
physically interacts with CENP-A. This is an important result since
it provides a mechanistic explanation for previous correlative
studies showing that the centromere localization of CENP-C is
strictly dependent on the presence of CENP-A [7,8,29,52]. Since
the dependence of CENP-C on CENP-A for targeting to
centromere appears to be a general rule, one would expect that
conserved domains could mediate the interaction between these
proteins. Indeed, using both coimmunoprecipitation and bimo-
lecular fluorescence complementation assays, we show that the C-
terminal region of CENP-C, containing the evolutionarily
conserved Mif2p homology domains III, is required for the
interaction with CENP-A at the centromere position. It is possible
that other proteins may participate CENP-C loading to centro-
mere; for example it has been shown that Mif2p homology
domains can interact with CENP-B [53]. Nonetheless, it seems
unlikely that this interaction may represent the principal
mechanism by which CENP-C is recruited to centromere
considering that CENP-B gene inactivation does not affect
kinetochore assembly [54] and that CENP-B is absent from the
Y chromosome centromere or in neocentromeres where CENP-C
is instead correctly localized [20,47–49].
Another important finding reported here is the interaction
between the Mif2p homology domain III on the C-terminal region
of CENP-C and the histone H3 protein. This result, as well as the
observation of a requirement of the same CENP-C domain for the
association with CENP-A are supported by two papers published
while this article was under revision [30,31]. In these two papers
the authors, using different approaches and different cell systems,
strongly argue in favour of CENP-C being able to associate both
with CENP-A and histone H3. In addition, another recent study
suggests that a subset of heterotypic nucleosomes containing both
histone H3 and CENP-A may exist in centromeric chromatin [5].
Moreover, Blower and colleagues have identified blocks of CENP-
A and histone H3 nucleosomes linearly interspersed in human and
Drosophila centromeric chromatin [55]. A similar organization is
present in neocentromere where H3-associated nucleosomes are
present at the intervening region between the CENP-A-binding
clusters [56]. On the basis of these observations it has been
proposed that the CENP-A containing chromatin is organized
along the exterior surface of each sister chromatid whereas interior
surface is occupied by H3-containing nucleosomes ([55,57,58]).
Our findings extend this view and would allow us to speculate that
CENP-C, by virtue of its ability to establish multiple contacts with
DNA and centromere proteins, may serve to structure and/or
stabilize the nucleosomal blocks of the interior and exterior
Figure 7. The Mif2p homology domain III mediates the
interaction of CENP-C with CENP-A and histone H3. Coimmu-
noprecipitation of overexpressed HA::CENP-C C-terminal domains along
with FLAG-tagged CENP-A and histone H3. Constructs containing the
Mif2 homology domain III shows the ability to interact with both CENP-
A and histone H3.
doi:10.1371/journal.pone.0005832.g007
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are needed to investigate this hypothesis.
Overall this study assigns specific functions to the conserved
Mif2p homology domains present into the human CENP-C and
provides support to a structuring role of CENP-C in the
organization of centromeric chromatin.
Materials and Methods
DNA Constructs
Full length CENP-C and CENP-A cDNAs were amplified by
RT-PCR from HeLa cells and cloned into the pCDNA3.1 vector
and in frame with the HA epitope tag. CENP-A primers: 1F: 59-
AAAGGGAGATCTGGCCCGCGCCGCCGGAGCCG-39 and
140R: 59-AAAGGGGAATTCTCAGCCGAGTCCCTCCT-
CAAGG-39. HA-tagged full length CENP-C and carboxyl or/
and N-terminal deletion mutants of CENP-C were generated by
PCR as previously described [13] except for the HA::638/819 and
HA::760/943. The HA::638/819 mutant has been generated by
PCR using the following oligonucleotides as primers: 638F: 59-
AAAGGGGGATCCAGAAGCTCAAAGAATGAAG-39 and
819R: 59-AAAGGGGAATTCTCATCCAAGAGGTATACC-
TAG-39. The HA::760/943 mutant has been generated by PCR
using the following oligonucleotides as primers: 760F: 59-
AAAGGGGGATTCGGAAGGCCATCAGGAGGATTCG-39
and 943R: 59-AAAGGGGAATTCTCATCTTTTTATCTGAG-
TAAAAAG-39. FLAG-tagged C- and/or N-terminal deletion
mutants of CENP-C were generated by PCR; the oligonucleotide
sequences used as primers to generate the different expression
plasmids are listed below: i) 23/410: 23Fh: 59-AAAGG-
GAAGCTTGCACGTGACATTAACACAGAG-39 and 410R:
59-AAAGGGGAATTCTCATGGTTTTCTGCATTCTTGG-39;
ii) 638/943: 638Fh: 59-AAAGGGAAGCTTAGAAGCTCAAA-
GAATGAAG-39 and 943R iii) 638/819: 638Fh and 819R iv)
760/943: 760Fh: 59-AAAGGGAAGCTTGGAAGGCCATCAG-
GAGGATTCG-39 and 943R. PCR products were digested with
HindIII and EcoRI and directionally cloned into the
3xFLAGpCMV10 vector (Sigma Chemical Co., St. Louis, Mo.)
in frame with the N-terminal FLAG-tag. Full length histone H3
cDNA was amplified by RT-PCR from HeLa cells and cloned into
the 3xFLAGpCMV10 vector (Sigma). Histone H3 primers: 1F3:
59-AAAGGGAAGCTTGCCCGAACCAAGCAGACTGCGCG-
CAAG-39 and 136R 59-AAAGGGGAATTCTCAGGCCCGCT-
CCCCGCGGATAC-39. All the constructs were verified by
sequencing.
The expression plasmids to perform the Bimolecular Fluores-
cence Complementation (BiFC) assay have been built as described
below. To build N-GFP::HA::CENPC and C-GFP::HA::CENPC
expression plasmids, the Enhanced-GFP N-terminal (N-GFP, aa
1/157) and the C-Terminal (C-GFP, aa 158/239) halves were
generated by PCR using as template the pEGFP-C3 vector
(Clontech, GenBank Acc.: U57607) and subcloned into the HA-
tagged CENP-C full length construct previously described. The
HA-epitope has been left as flexible linker between the GFP
derived fragment and CENP-C. The oligonucleotide sequences
used as primers and the cloning procedures to generate the
different expression plasmids are described below: i) full length N-
GFP::HA::CENPC: NGFPCENPCH3F: 59-GGGAAGCT-
TATGGTGAGCAAGGG-39 and NGFPCENPCH3R: 59-
GGGAAGCTTCTTGTCGGCCATG-39. The PCR products
were digested with HindIII and cloned into pCDNA3.1/HA-
CENPC after HindIII digestion at a HindIII target site placed 59
with the respect to the HA epitope ATG codon and in frame with
the N-terminal HA-tag. The correct orientation of the cloned N-
GFP fragment has been evaluated by PCR assay using a CENP-C
internal reverse primer. ii) full length C-GFP::HA::CENPC:
CGFPCENPCF: 59-ATGCAGAAGAACGGCATCAAG-39 and
CGFPCENPCR: 59-TGTTATCTAGATCCGGTGGATCC-39.
PCR products were phosphorylated at the 59-OH terminals with
T4 polynucleotide Kinase (New England Biolabs) following
manufacturer instructions and blunt-end ligated in pCDN3.1/
HA::CENPC::23/943 after digestion at the Hind III site placed 59
to the HA coding sequence and after fill-in standard procedure to
make blunt HindIII protruding terminals. The correct orientation
of the C-GFP fragment was evaluated on the base of BamHI
digestion in the C-GFP fragment and downstream of the HA
epitope coding sequence. The N-GFP::HA::CENPCD890/943
deletion mutant was generated by PCR starting from the described
N-GFP::HA::CENPC full length construct using as primers the
following oligonucleotides: NGFPCENPCPst1F: GGGCTGCA-
GACCATGGTGAGCAAGGG and CENPC889ER1R:
CCGGAATTCTCATATATCCTGGCCAAC. The PCR prod-
ucts were digested with PstI and EcoRI and directionally cloned
into the pCDNA3.1 vector.
The HA::CENPA::N-GFP and HA::CENPA::C-GFP expres-
sion plasmids were generated as described below and notably
creating an aqueous soluble and flexible 2XGly-Ser-Ser-Ser linker
between the CENP-A C-terminal end and the GFP fragments N-
terminal end by introducing the linker coding sequence in the
oligonucleotides used as primers for the PCR reactions. HA-
CENPA coding sequence has been amplified by PCR starting
from the described HA-CENPA plasmid and using as primers the
following oligonucleotides: CENPASAL1F: 59-AAAGTCGA-
CATGGGCCCGCGCCGC-39 and CENPALNKSPH1R: 59-
ATGCATGCGCTGCTGCTGCCGCCGAGTCCCTCCTC-39.
Figure 8. Interaction between CENP-C and CENP-A takes place at centromere positions. HEK293 cells transfected with plasmids
expressing the chimeric protein combinations indicated at the top of each column A–E (A: N-GFP::HA::CENPC and HA::CENPA::C-GFP; B:
N-GFP::HA::CENPC; C: HA::CENPA::C-GFP; D: N-GFP::HA::CENPCD890-943 and HA::CENPA::C-GFP; E: N-GFP::HA::CENPCD890-943). After fixation cells
were immunolabelled with a monoclonal anti-HA antibody and polyclonal antibodies used as centromere markers (A and D: anti-CENP-B; B and E
anti-CENP-A; C: anti-CENP-C). Row I shows complementing GFP (green); row II shows merge between complementing GFP and the centromeric
marker (red); row III shows HA-tagged chimeric proteins (cyan); row IV shows merge between HA-tagged chimeric proteins and the centromeric
marker; row V shows merge between centromeric marker and DNA (blue). F: diagrams of the chimeric proteins expressed in cells. G: quantification
of colocalization between the green signal due to complementing GFP and the centromeric marker in cells that coexpress HA::CENPA::C-GFP and
N-GFP::HA::CENPC full length or the truncated mutant N-GFP::HA::CENPCD890-943. 10 to 15 nuclei for each experiment were analyzed and the data
expressed as ratio between GFP signal corresponding to centromeres and number of visible centromeres. Statistical significance have been checked
with T-student test and indicated in the graph. The bright green punctate signals in panel AI indicate efficient GFP complementation in cells
coexpressing N-GFP::HA::CENPC and HA::CENPA::C-GFP. The green signals in AI well correspond to centromere positions as indicated by merge in
panel AII and to HA-tagged proteins shown in panels AIII-IV. The green signal shown by cells expressing respectively only N-GFP::HA::CENPC or
HA::CENPA::C-GFP is very low (BI) or absent (CI) although the chimeric HA-tagged proteins are expressed. In cells expressing N-GFP::A::CENPCD890-
943 and HA::CENPA::C-GFP few green signals are visible corresponding to centromere position (green and red in DI–II) suggesting lower interaction
when CENP-C Mif2 homology domain III is deleted although N-GFP::HA::CENPCD890-943 localizes at centromeres (EIII–IV).
doi:10.1371/journal.pone.0005832.g008
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enzymes. The N-GFP and C-GFP fragments were amplified by
PCR using as template the pEGFP-C3 vector (Clontech, GenBank
Acc.: U57607) and as primers the following oligonucleotides: i) for
N-GFP amplification NGFPLNKSPH1F: 59-ATGCATGCGG-
CAGCAGCAGCATGGTGAGCAAGGGC-39 and NGFPER1R:
TGAATTCTCACTTGTCGGCCATGATATAGACGTT; the
PCR product was digested with SphI and EcoRI restriction
enzymes; ii) for C-GFP amplification CGFPLNKSPH1F: 59-
ATGCATGCGGCAGCAGCAGCCAGAAGAACGGCATC-39
and 59-CGFPMFE1R: CTCCTCCAATTGCTCCTCTCAGT-
TATCTAGATCCGG-39. The PCR product was digested with
SphI and MfeI restriction enzymes. The MfeI restriction enzyme
leaves protruding ends compatible with EcoRI terminal ends. The
pairs of PCR products identified by the forward and reverse
primer combinations listed below where added in the same ligation
reaction and directionally cloned into pCDNA3.1 after digestion with
EcoR1 and SalI restriction enzymes: i) CENPASAL1F/CEN-
PALNKSPH1R and NGFPLNKSPH1F/NGFPER1R to build the
HA::CENPA::N-GFP expression plasmid; the correct cloning was
verified by HindIII and EcorI digestion at internal and MCS
restriction sites; ii) CENPASAL1F/CENPALNKSPH1R and
CGFPLNKSPH1F/CGFPMFE1R to build the HA::CENPA::C-
GFP expression plasmid; the correct cloning was verified by HindIII
digestion at internal restriction sites. All the above described plasmid
constructs were verified by DNA sequencing and the molecular
weight of the fusion proteins produced after transfection in cells has
been checked by standard SDS-PAGE/Western-Blot procedure as
described below using both anti-HA and anti-CENP-C or anti-
CENP-A antibodies.
Antibodies Production
Anti CENP-A antibodies: the DNA sequence encoding amino
acids 1–40 of human CENP-A was cloned into pGEX2T vector
and expressed in E. coli BL21 cells. GST-tagged recombinant
protein was affinity purified by glutathione agarose beads and used
to immunize two rabbits (387 and 386).
Anti CENP-C antibodies: the DNA sequence encoding amino-
terminal half of human CENP-C (amino acids 23–410) was cloned
into pFastBac HTb vector (Invitrogen). The histidine-tagged
recombinant protein was expressed in SF9 cells using Bac-to-Bac
baculovirus expression system (Invitrogen) and affinity purified by
nickel column chromatography. The purified recombinant protein
was used to immunize two rabbits (410 and 411).
Anti-CENP-A and anti-CENP-C sera were produced by the
Eurogentec polyclonal antibody service. The antibodies specificity
has been tested by Western-Blot, ChIP and Immuno Fluorescence.
Immunocytolabelling
HEK293 cells (5610
5) were seeded on a collagen-coated
coverslip and transfected with 3 mg of the different HA::CENP-
C construct plasmid DNAs following the previously described
method [13]. After 24 hours cells were rinsed in cold PBS 1X and
incubated in 1X PBS/0,5% Triton X-100 for 2 min on ice to
remove most of the cytoplasm (modified from [59]) then fixed for
10–15 min in 4% para-formaldehyde in 1X PBS, pH 7.0 at room
temperature. Double immunolabelling were performed at room
temperature for 90 min or at 4uC over night with pairs of the
antibodies listed below: polyclonal rabbit anti-CENP-B antiserum
764 [60], polyclonal rabbit anti-CENP-C and anti-CENP-A
antisera, monoclonal mouse anti-HA antibody (Santa Cruz
Biotechnology). All the used antibodies where diluted at 1:1000
to 1:2000 in PBST (PBS1X, 0,1% Triton X-100) containing 4%
normal goat serum as blocking reagent. After three 5 min washes
with PBST, cells were incubated at room temperature with pairs of
the secondary antibodies listed below: goat anti-mouse Cy3-
conjugated, goat anti-rabbit FITC-conjugated, goat anti-rabbit
Cy5-conjugated (Jackson Immuno Research) at a 1:400 dilution in
4% normal goat serum-PBST for 90 min. Finally nuclei were
stained with Hoechst 33258 (Sigma) 2 mg/ml for 7 min, washed
three times for 5 min in PBS1X and the coverlips mounted in
Vectashield (Vector) or Prolong (Invitrogen) mounting media. The
centromere localization of the HA::CENP-C fusion proteins and
the BiFC assay analyses have been performed using a conventional
epifluorescence microscope (Axioskop, Zeiss) equipped with a
digital CCD camera (Axiocam, Zeiss) used for image capturing.
For each HA::CENPC deletion mutant at least 100 transfected
nuclei were scored for colocalization of HA and CENP-B signals.
For the BiFC assay cells images were captured registering in grey-
scale the emission signal in 4 different wavelength ranges: green
from complementing GFP, far-red from anti-centromeric marker
labelling, red from anti-HA labelling; ultraviolet from DNA.
Image coloring and collages were made using Adobe Photoshop
and Adobe Illustrator (Adobe System, Inc).
Coimmunoprecipitation assay
HEK-293T cells (2610
7) were cotransfected with 10 mg of the
two different HA/FLAG::CENP-C construct plasmids in equal
ratio by means of the lipofectamine method (Roche). After
24 hours cells were harvested and resuspended in 56cell volumes
of hypotonic buffer (10 mM HEPES pH 8.0, 50 mM NaCl,
1 mM EDTA, 1 mM DTT, 1 mM PMSF, complete 16protease
inhibitor cocktail) allowed to swell on ice for 10 min. Cells were
transferred to a glass Dounce homogenizer and homogenized
through 25 up-and-down strokes using the tight pestle. Nuclei
were collected by centrifugation, resuspended in 150 ml of high-
salt buffer (20 mM HEPES pH 8.0, 420 mM NaCl, 1 mM
EDTA, 1 mM DTT, 1 mM PMSF, complete 16 protease
inhibitor cocktail, 10% glycerol) and incubated on a rocker for
30 min at 4uC. Nuclear extracts were recovered by centrifugation
at 13.000 rpm for 15 min and quantified with BCA protein assay
kit (Pierce). For each immunoprecipitation 1 mg of nuclear extract
was diluted 1:1 with dilution buffer (1 mM EDTA, 1 mM DTT,
1 mM PMSF, complete 16 protease inhibitor cocktail, 10%
glycerol) to lower the salt concentration and pre-cleared with
Protein A agarose beads (Sigma) for 3 hours of incubation on a
rocker; samples were recovered by centrifuging for 2 min at
2000 rpm in a chilled micro centrifuge. Precleared nuclear
extracts were incubated with 50 ml of the anti-HA-affinity matrix
(Sigma) and incubated overnight at 4uC on a rocker. Resin was
washed 5 times with 1 ml of washing buffer (10 mM Tris-Cl,
140 mM NaCl, 0.5% Triton-X100, 0.5% Sodium deoxycholate,
1 mM DTT, 1 mM PMSF). Protein complexes were separated on
a pre-cast 4–12% SDS-polyacrylamide gel (Invitrogen) and
transferred onto a nitrocellulose membrane. The filter was blocked
with TBS (150 mM NaCl, 25 mM Tris-Cl pH 8) and 4% nonfat
dry milk and probed with a polyclonal anti-HA (Santa Cruz
Biotechnology), or a polyclonal anti-CENP-C 410 or a monoclo-
nal anti-FLAG (Sigma) antiserum: The filter was washed three
times with TBST (TBS+0.1% Tween-20) and incubated with anti-
rabbit or anti-mouse peroxidase-conjugated secondary antibodies
(Amersham). Ig/protein complexes were revealed by ECL method
(Amersham).
Glutaraldehyde Cross-linking
HA::CENP-C mutants were purified with the anti-HA-affinity
matrix (Sigma) as described above and eluted through 2 cycles of
incubation with 50 ml of 1 mg/ml HA peptide. 2 ml of the purified
CENP-C Domain Functions
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20 mM HEPES pH 8.0, 1% NP40, 2 mg BSA and 0.01%
glutaraldehyde for 2 min at room temperature and blocked with
100 mM Tris-Cl pH 8. Crosslinked and uncrosslinked samples
were analyzed by Western blotting.
Formaldehyde Cross-linking and Chromatin/
Immunoprecipitation Assay
ChIP was performed as described [61]. Constructs were
separately transfected into HEK-293 cells and 24 hours later cells
were treated with 1% formaldehyde and sonicated. Chromatin
was then immunoprecipitated with anti HA antibodies and heat-
treated for 6 hours at 65uC to reverse crosslink. Immunoprecip-
itations were performed with 5 ml of rabbit pre-immune serum (PI
serum) or 5 ml of polyclonal antiserum against either CENP-C or
HA (Santa Cruz Biotechnology). The immunoprecipitated DNA
samples were analyzed by Dot Blot as described below.
Dot blot analysis of immunoprecipitated DNA
Total input DNA and immunoprecipitated DNA samples were
transferred to a Hybond-N
+ filter (Amersham). The filter was pre-
hybridized and hybridized with a solution containing 7% SDS and
0.5 M Na3PO4 pH 7.0. Probes were [a-
32P]-labeled with the
Megaprime kit (Amersham) and added to the hybridization
solution at a specific activity of 2610
9 cpm/mg. Alpha-satellite
DNA probes [62] used for the hybridization were: i) pZ7.6B
(680 bp) detecting chromosome 7; ii) pZ21.A (850 bp) detecting
chromosomes 13 and 21. The probe detecting Alu repeats [63]
was: BLUR-8 (300 bp). Dot blot analysis was performed by
transferring total input DNA and the immunoprecipitated DNA
samples onto a Hybond-N
+ filter (Amersham) with a Bio-Dot
Apparatus (Biorad), as previously described [13].
***P,0,001;
**P,0,01 (t-test).
Acknowledgments
We would like to thank N. Archidiacono for providing the alpha-satellite
probes, M. Iannicelli for helping with preparation of the constructs, D.
Manzoni for excelent technical assistance with cell cultures, W.C.
Earnshaw, A. Choo and D. Diolaiti for critical discussions.
Author Contributions
Conceived and designed the experiments: ST GP RB JCR GDV.
Performed the experiments: ST RB MZ. Analyzed the data: ST GP RB
AM GDV. Contributed reagents/materials/analysis tools: JCR AM.
Wrote the paper: ST GP RB GDV.
References
1. Earnshaw WC, Ratrie H 3rd, Stetten G (1989) Visualization of centromere
proteins CENP-B and CENP-C on a stable dicentric chromosome in cytological
spreads. Chromosoma 98: 1–12.
2. Amor DJ, Kalitsis P, Sumer H, Choo KH (2004) Building the centromere: from
foundation proteins to 3D organization. Trends Cell Biol 14: 359–368.
3. Chan GK, Liu ST, Yen TJ (2005) Kinetochore structure and function. Trends
Cell Biol 15: 589–598.
4. Liu ST, Rattner JB, Jablonski SA, Yen TJ (2006) Mapping the assembly
pathways that specify formation of the trilaminar kinetochore plates in human
cells. J Cell Biol 175: 41–53.
5. Foltz DR, Jansen LE, Black BE, Bailey AO, Yates JR 3rd, et al. (2006) The
human CENP-A centromeric nucleosome-associated complex. Nat Cell Biol 8:
458–469.
6. Sullivan KF, Hechenberger M, Masri K (1994) Human CENP-A contains a
histone H3 related histone fold domain that is required for targeting to the
centromere. J Cell Biol 127: 581–592.
7. Howman EV, Fowler KJ, Newson AJ, Redward S, MacDonald AC, et al. (2000)
Early disruption of centromeric chromatin organization in centromere protein A
(Cenpa) null mice. Proc Natl Acad Sci U S A 97: 1148–1153.
8. Blower MD, Karpen GH (2001) The role of Drosophila CID in kinetochore
formation, cell-cycle progression and heterochromatin interactions. Nat Cell Biol
3: 730–739.
9. Allshire RC, Karpen GH (2008) Epigenetic regulation of centromeric
chromatin: old dogs, new tricks? Nat Rev Genet 9: 923–937.
10. Durand-Dubief M, Ekwall K (2008) Heterochromatin tells CENP-A where to
go. Bioessays 30: 526–529.
11. Saitoh H, Tomkiel J, Cooke CA, Ratrie H 3rd, Maurer M, et al. (1992) CENP-
C, an autoantigen in scleroderma, is a component of the human inner
kinetochore plate. Cell 70: 115–125.
12. Politi V, Perini G, Trazzi S, Pliss A, Raska I, et al. (2002) CENP-C binds the
alpha-satellite DNA in vivo at specific centromere domains. J Cell Sci 115:
2317–2327.
13. Trazzi S, Bernardoni R, Diolaiti D, Politi V, Earnshaw WC, et al. (2002) In vivo
functional dissection of human inner kinetochore protein CENP-C. J Struct Biol
140: 39–48.
14. Tomkiel J, Cooke CA, Saitoh H, Bernat RL, Earnshaw WC (1994) CENP-C is
required for maintaining proper kinetochore size and for a timely transition to
anaphase. J Cell Biol 125: 531–545.
15. Fukagawa T, Brown WR (1997) Efficient conditional mutation of the vertebrate
CENP-C gene. Hum Mol Genet 6: 2301–2308.
16. Kalitsis P, Fowler KJ, Earle E, Hill J, Choo KH (1998) Targeted disruption of
mouse centromere protein C gene leads to mitotic disarray and early embryo
death. Proc Natl Acad Sci U S A 95: 1136–1141.
17. Fukagawa T, Pendon C, Morris J, Brown W (1999) CENP-C is necessary but
not sufficient to induce formation of a functional centromere. Embo J 18:
4196–4209.
18. Page SL, Earnshaw WC, Choo KH, Shaffer LG (1995) Further evidence that
CENP-C is a necessary component of active centromeres: studies of a dic(X; 15)
with simultaneous immunofluorescence and FISH. Hum Mol Genet 4: 289–294.
19. Sullivan BA, Schwartz S (1995) Identification of centromeric antigens in
dicentric Robertsonian translocations: CENP-C and CENP-E are necessary
components of functional centromeres. Hum Mol Genet 4: 2189–2197.
20. Choo KH (1997) Centromere DNA dynamics: latent centromeres and
neocentromere formation. Am J Hum Genet 61: 1225–1233.
21. Tyler-Smith C, Gimelli G, Giglio S, Floridia G, Pandya A, et al. (1999)
Transmission of a fully functional human neocentromere through three
generations. Am J Hum Genet 64: 1440–1444.
22. Voullaire L, Saffery R, Davies J, Earle E, Kalitsis P, et al. (1999) Trisomy 20p
resulting from inverted duplication and neocentromere formation. Am J Med
Genet 85: 403–408.
23. Talbert PB, Bryson TD, Henikoff S (2004) Adaptive evolution of centromere
proteins in plants and animals. J Biol 3: 18.
24. Brown MT (1995) Sequence similarities between the yeast chromosome
segregation protein Mif2 and the mammalian centromere protein CENP-C.
Gene 160: 111–116.
25. Sugimoto K, Kuriyama K, Shibata A, Himeno M (1997) Characterization of
internal DNA-binding and C-terminal dimerization domains of human
centromere/kinetochore autoantigen CENP-C in vitro: role of DNA-binding
and self-associating activities in kinetochore organization. Chromosome Res 5:
132–141.
26. Dunwell JM, Culham A, Carter CE, Sosa-Aguirre CR, Goodenough PW (2001)
Evolution of functional diversity in the cupin superfamily. Trends Biochem Sci
26: 740–746.
27. Masumoto H, Masukata H, Muro Y, Nozaki N, Okazaki T (1989) A human
centromere antigen (CENP-B) interacts with a short specific sequence in alphoid
DNA, a human centromeric satellite. J Cell Biol 109: 1963–1973.
28. Cooke CA, Bernat RL, Earnshaw WC (1990) CENP-B: a major human
centromere protein located beneath the kinetochore. J Cell Biol 110: 1475–1488.
29. Ando S, Yang H, Nozaki N, Okazaki T, Yoda K (2002) CENP-A, -B, and -C
chromatin complex that contains the I-type alpha-satellite array constitutes the
prekinetochore in HeLa cells. Mol Cell Biol 22: 2229–2241.
30. Erhardt S, Mellone BG, Betts CM, Zhang W, Karpen GH, et al. (2008)
Genome-wide analysis reveals a cell cycle-dependent mechanism controlling
centromere propagation. J Cell Biol 183: 805–818.
31. Hori T, Amano M, Suzuki A, Backer CB, Welburn JP, et al. (2008) CCAN
makes multiple contacts with centromeric DNA to provide distinct pathways to
the outer kinetochore. Cell 135: 1039–1052.
32. Hu CD, Chinenov Y, Kerppola TK (2002) Visualization of interactions among
bZIP and Rel family proteins in living cells using bimolecular fluorescence
complementation. Mol Cell 9: 789–798.
33. Kerppola TK (2006a) Visualization of molecular interactions by fluorescence
complementation. Nat Rev Mol Cell Biol 7: 449–456.
34. Kerppola TK (2006b) Design and implementation of bimolecular fluorescence
complementation (BiFC) assays for the visualization of protein interactions in
living cells. Nat Protoc 1: 1278–1286.
35. Kerppola TK (2008a) Bimolecular fluorescence complementation (BiFC)
analysis as a probe of protein interactions in living cells. Annu Rev Biophys
37: 465–487.
CENP-C Domain Functions
PLoS ONE | www.plosone.org 12 June 2009 | Volume 4 | Issue 6 | e583236. Kerppola TK (2008b) Bimolecular fluorescence complementation: visualization
of molecular interactions in living cells. Methods Cell Biol 85: 431–470.
37. Kanno T, Kanno Y, Siegel RM, Jang MK, Lenardo MJ, et al. (2004) Selective
recognition of acetylated histones by bromodomain proteins visualized in living
cells. Mol Cell 13: 33–43.
38. Loyter A, Rosenbluh J, Zakai N, Li J, Kozlovsky SV, et al. (2005) The plant
VirE2 interacting protein 1. a molecular link between the Agrobacterium T-
complex and the host cell chromatin? Plant Physiol 138: 1318–1321.
39. Burkin DJ, Jones C, Burkin HR, McGrew JA, Broad TE (1996) Sheep CENPB
and CENPC genes show a high level of sequence similarity and conserved
synteny with their human homologs. Cytogenet Cell Genet 74: 86–89.
40. Yang CH, Tomkiel J, Saitoh H, Johnson DH, Earnshaw WC (1996)
Identification of overlapping DNA-binding and centromere-targeting domains
in the human kinetochore protein CENP-C. Mol Cell Biol 16: 3576–3586.
41. Meluh PB, Koshland D (1995) Evidence that the MIF2 gene of Saccharomyces
cerevisiae encodes a centromere protein with homology to the mammalian
centromere protein CENP-C. Mol Biol Cell 6: 793–807.
42. Heeger S, Leismann O, Schittenhelm R, Schraidt O, Heidmann S, et al. (2005)
Genetic interactions of separase regulatory subunits reveal the diverged
Drosophila Cenp-C homolog. Genes Dev 19: 2041–2053.
43. Fukagawa T, Regnier V, Ikemura T (2001) Creation and characterization of
temperature-sensitive CENP-C mutants in vertebrate cells. Nucleic Acids Res
29: 3796–3803.
44. Aravind L, Landsman D (1998) AT-hook motifs identified in a wide variety of
DNA-binding proteins. Nucleic Acids Res 26: 4413–4421.
45. Brown MT, Goetsch L, Hartwell LH (1993) MIF2 is required for mitotic spindle
integrity during anaphase spindle elongation in Saccharomyces cerevisiae. J Cell
Biol 123: 387–403.
46. Bustin M, Reeves R (1996) High-mobility-group chromosomal proteins:
architectural components that facilitate chromatin function. Prog Nucleic Acid
Res Mol Biol 54: 35–100.
47. Depinet TW, Zackowski JL, Earnshaw WC, Kaffe S, Sekhon GS, et al. (1997)
Characterization of neo-centromeres in marker chromosomes lacking detectable
alpha-satellite DNA. Hum Mol Genet 6: 1195–1204.
48. Choo KH (2000) Centromerization. Trends Cell Biol 10: 182–188.
49. Sullivan KF (2001) A solid foundation: functional specialization of centromeric
chromatin. Curr Opin Genet Dev 11: 182–188.
50. Sugimoto K (1994) DNA immunoprecipitation: application to characterization
of target sequences for a human centromere DNA-binding protein (CENP-B).
San Diego: Academic Press. pp 335–343.
51. Cohen RL, Espelin CW, De Wulf P, Sorger PK, Harrison SC, et al. (2008)
Structural and functional dissection of Mif2p, a conserved DNA-binding
kinetochore protein. Mol Biol Cell 19: 4480–4491.
52. Moore LL, Roth MB (2001) HCP-4, a CENP-C-like protein in Caenorhabditis
elegans, is required for resolution of sister centromeres. J Cell Biol 153:
1199–1208.
53. Suzuki N, Nakano M, Nozaki N, Egashira S, Okazaki T, et al. (2004) CENP-B
interacts with CENP-C domains containing Mif2 regions responsible for
centromere localization. J Biol Chem 279: 5934–5946.
54. Hudson DF, Fowler KJ, Earle E, Saffery R, Kalitsis P, et al. (1998) Centromere
protein B null mice are mitotically and meiotically normal but have lower body
and testis weights. J Cell Biol 141: 309–319.
55. Blower MD, Sullivan BA, Karpen GH (2002) Conserved organization of
centromeric chromatin in flies and humans. Dev Cell 2: 319–330.
56. Chueh AC, Wong LH, Wong N, Choo KH (2005) Variable and hierarchical size
distribution of L1-retroelement-enriched CENP-A clusters within a functional
human neocentromere. Hum Mol Genet 14: 85–93.
57. Sullivan BA, Karpen GH (2004) Centromeric chromatin exhibits a histone
modification pattern that is distinct from both euchromatin and heterochroma-
tin. Nat Struct Mol Biol 11: 1076–1083.
58. Black BE, Brock MA, Bedard S, Woods VL Jr, Cleveland DW (2007) An
epigenetic mark generated by the incorporation of CENP-A into centromeric
nucleosomes. Proc Natl Acad Sci U S A 104: 5008–5013.
59. Van Hooser AA, Ouspenski II, Gregson HC, Starr DA, Yen TJ, et al. (2001)
Specification of kinetochore-forming chromatin by the histone H3 variant
CENP-A. J Cell Sci 114: 3529–3542.
60. Goldberg IG, Sawhney H, Pluta AF, Warburton PE, Earnshaw WC (1996)
Surprising deficiency of CENP-B binding sites in African green monkey alpha-
satellite DNA: implications for CENP-B function at centromeres. Mol Cell Biol
16: 5156–5168.
61. Wells J, Farnham PJ (2002) Characterizing transcription factor binding sites
using formaldehyde crosslinking and immunoprecipitation. Methods 26: 48–56.
62. Archidiacono N, Antonacci R, Marzella R, Finelli P, Lonoce A, et al. (1995)
Comparative mapping of human alphoid sequences in great apes using
fluorescence in situ hybridization. Genomics 25: 477–484.
63. Jelinek WR, Toomey TP, Leinwand L, Duncan CH, Biro PA, et al. (1980)
Ubiquitous, interspersed repeated sequences in mammalian genomes. Proc Natl
Acad Sci U S A 77: 1398–1402.
64. Corpet F (1988) Multiple sequence alignment with hierarchical clustering.
Nucleic Acids Res 16: 10881–10890.
65. Higgins DG (1994) CLUSTAL V: multiple alignment of DNA and protein
sequences. Methods Mol Biol 25: 307–318.
66. Notredame C, Higgins DG, Heringa J (2000) T-Coffee: A novel method for fast
and accurate multiple sequence alignment. J Mol Biol 302: 205–217.
CENP-C Domain Functions
PLoS ONE | www.plosone.org 13 June 2009 | Volume 4 | Issue 6 | e5832